The Median Tectonic Line (MTL) is the largest tectonic line in southwest Japan, and its eastern portion has moved as a right-lateral fault with a reverse fault component during the Quaternary. Although a high dip of the MTL has been suggested from geomorphological studies, reflection surveys have indicated a low dip of 30-55°. Thus, the MTL shows contradiction between its fault dip and fault motion. In this study, we attempted to re-estimate the dip of the MTL by gravity anomaly, gravity gradient tensor, and numerical simulation, restoring topographies caused by lateral faulting. The numerical simulations suggested that a fault dip of 70-75° is a reasonable dip of the MTL. These high-dip faults are able to move as a lateral fault and have the possibility of reverse fault motion. Deformation patterns caused by faults with these dips are in harmony with the accumulated geological and geomorphological evidence for motions of the MTL. On the other hand, gravity and gravity gradient analyses showed only a material boundary with low dip. This suggested that the MTL does not have conspicuous density contrast at the boundary.
Introduction
As is well known, the oblique subduction of a plate forms a strike-slip fault parallel to the trench on the continental plate side (e.g., [1] ). In general, a fault of this type has vertical or subvertical dip, and these faults have been found widely at plate boundary margins of the world (e.g., [1, 2] ). The Median Tectonic Line (MTL) is a lateral fault located in the plate boundary margin between the Philippine Sea plate and the Eurasian plate (Figure 1) , and the MTL fits perfectly the class of fault mentioned above.
The MTL, which has a length of more than 1000 km, is the largest tectonic line in southwest Japan, and its eastern portion has moved as a right-lateral fault with a reverse-fault component during the Quaternary. Because the MTL is a very important tectonic line for understanding the tectonics in and around southwest Japan, many geological, geophysical, and geomorphological surveys have been conducted.
Geomorphological studies have suggested that the MTL is basically vertical (e.g., [3, 4] ), and its slip rate has been estimated as 5-10 mm/yr in the Shikoku District (e.g., [4] ). On the other hand, reflection surveys have indicated a dip of the MTL of between 30 and 55°N (e.g., [5] [6] [7] [8] [9] [10] [11] ), although Itoh et al. [12] found high-dip faults in the Quaternary layer. In general, it is known that such low-dip faults could not move as a lateral fault, because the overburden pressure acting on the fault plane would be too large to allow lateral motion and the dips would not have optimum orientation for releasing the shear stress (e.g., [13, 14] ). In order to solve this inconsistency, Sato et al. [15] suggested that the MTL, which functioned as a megathrust in the Cretaceous, was reactivated as a strike-slip fault under subsequent-phase shear stresses.
In addition to these scientific interests, there are some societal concerns or desires pertaining to this tectonic line. As mentioned above, the MTL, with a length of more than 1000 km, is the largest tectonic line in southwest Japan. Consequently, several cities are in proximity to the MTL. In particular, there are large cities and international airports around the eastern end of its Quaternary activity.
The dip of a fault affects the size of its area of disaster occurrence (e.g., [16, 17] ) and is an important parameter in numerical simulations for hazard map development (e.g., [18] ). In general, the size of the area of disaster occurrence is wider on the hanging wall side than on the footwall side of a fault (e.g., [17] ). Consequently, if the MTL was a low-dip fault, as shown in reflection surveys, and were to move, the Osaka area at the Kii Peninsula (the eastern end of Quaternary MTL activity) would sustain serious damage. On the other hand, if the MTL was a high-dip fault, as suggested by geomorphological studies, and were to move, both the Osaka area and the Wakayama area of the Kii Peninsula would sustain damage. Therefore, knowing the dip of the MTL, as a seismogenic fault, is very important not only for advancing scientific knowledge but also for societal reasons.
In this study, we attempted to estimate the dip of the MTL from the viewpoints of both a material boundary and a motion boundary. For estimation of the MTL fault dip as a material boundary, we employed gravity anomaly and gravity gradient tensor data, as excellent seismic surveys have been conducted on the MTL. For estimation of the MTL fault dip as a motion boundary, we employed numerical simulations based on dislocation theory in an elastic medium and evaluated deformation fields at the fault terminus caused by lateral fault motions.
The gravity anomaly and its interpretations
In this study, we used the Bouguer anomaly database of Komazawa [19] . As the Bouguer anomaly database employed here provides users with 0.5 km × 0.5 km mesh data, we could discuss structures with sizes larger than several kilometers. Figure 2 is the residual Bouguer anomaly map of the study area. Here, we employed the Bouguer anomaly data of which the Bouguer density is 2670 kg/m 3 . In order to obtain the residual Bouguer anomaly map, we estimated the first trend surface of the Bouguer anomaly in this region by the least-squares method from the Bouguer anomaly and removed it from the original Bouguer anomaly data. Figure 3 (the surface geological map), we found that the gravity highs correspond to outcrops of the Sanbagawa metamorphic rocks and the Ryoke plutonic rocks. The gravity lows are observed in the Izumi Mountains, consisting of gravel, sandstone, and mudstone of the late Cretaceous, and in the Wakayama Plain, consisting of Quaternary sediments, because the densities of these lithologies are not high.
As is well known, techniques for extracting the locations of structural boundaries (namely, edge), without geological and geophysical information, from a gravity anomaly map are called Residual Bouguer anomaly map of the study area and surroundings. The contour interval is 1 mGal. In the residual Bouguer anomaly map, the regional linear trend of the Bouguer anomalies, such as the effect of the subducting plate, is estimated and removed by the least-squares method from the Bouguer anomalies. The Bouguer anomaly used here is based on the gravity anomaly database (0.5 km × 0.5 km mesh data) by Komazawa [19] , and a Bouguer density of 2670 kg/m 3 is employed.
semi-automatic interpretation methods. These techniques have played an important role in the qualitative interpretation of gravity anomaly maps. A typical technique is the horizontal gravity gradient method (e.g., [20, 21] ), which uses the horizontal gravity gradient HG defined as follows:
where g is the Bouguer anomaly. The horizontal gravity gradient method has frequently been employed to find edges caused by structural boundaries such as faults or material boundaries (e.g., [22] [23] [24] ).
In recent years, more sensitive and keen methods have been developed, and their extraction abilities have been investigated (e.g., [25, 26] ). Li et al. [25] evaluated the extraction abilities of existing semi-automatic interpretation methods by numerical tests and pointed out following characteristics. The HG method (e.g., [20] ), shown by Eq. (1) can determine structural boundaries of the causative body but has decreased ability with depth. The TDR (Eq. (2); [27] ),
and the THETA (Eq. (3); [28] ),
are also able to extract edges, but these methods draw a phantom edge at the zero line in the case of side-by-side positive and negative anomalies. The TDX (Eq. (4); [29] )
has the same phantom edge but can provide a clearer edge than the TDR or THETA.
Zhang et al. [26] showed that the ILP (Eq. (5); [30] ),
and the TAHG (Eq. (6); [31] ),
successfully extract the edges of potential field data relating to multisubsurface structures.
For evaluating extraction ability, Li et al. [25] and Zhang et al. [26] employed the cube model and the rectangular parallelepiped model, which have vertical structural boundaries.
To extract the edge of the MTL trace from the residual Bouguer anomaly data shown in Figure 2 , we applied the HG, TDX, ILP, and TAHG, which have been confirmed as excellent extraction methods. Figures 4-7 show the results obtained by each method.
The HG method successfully extracted high-gradient anomalies between gravity highs and gravity lows (Figure 4) . Additionally, the method extracted east-west trending, short, highgradient anomalies on the Wakayama Plain and the boundary between the plain and the Izumi Mountains. However, these anomalies are not linked to one another continuously, and it is difficult to state that the HG method was able to extract the trace of the MTL sufficiently.
The TDX, ILP, and TAHG indicate structural boundary locations by their peak values. Similar to the HG method, the TDX method successfully extracted high-gradient anomalies between gravity highs and gravity lows ( Figure 5 ). Although the method also extracted the east-west trending lines, they do not correspond to the trace of the MTL. The TDX at the northern part might indicate boundaries among the Quaternary sediments of the Osaka Plain, the Ryoke plutonic rocks, and the Izumi Group that forms the Izumi Mountains.
The ILP and TAHG methods were developed to find the edge of the potential fields related to multi subsurface structures, and they generally emphasize very small signals caused by deep structures. The ILP map extracted the east-west trending lines, but it is difficult to determine whether or not the map extracted the MTL trace ( Figure 6 ). The TAHG map is similar to the ILP map and has similar difficulties of interpretation ( Figure 7 ). 
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From these results, we can only conclude that these extraction methods cannot extract the MTL trace sufficiently. Thus, we considered that there would be no conspicuous density contrast around the MTL. In the next section, we estimate the density contrast between the Izumi
Group and the Quaternary sediments in the Wakayama Plain. Figure 8 shows a depth-converted seismic profile crossing the MTL (red line shown in Figure 3 ) [32] . Here, the MTL is the boundary between the Izumi Group and the Quaternary sediment. Figure 8 shows that the dip angle of the MTL is high near the surface but that it becomes gradually lower with depth.
Estimation of density contrast around the MTL
Here, we simplified the subsurface structure (Figure 8 ) to a three-layer model (Figure 9) , and we assigned densities of 2800 and 2400 kg/m 3 to the lowest layer equivalent to the Sanbagawa metamorphic rocks and the uppermost layer equivalent to the Izumi Group, respectively. The density of the Sanbagawa metamorphic rocks was referred to that at Saganoseki Peninsula, Oita, Kyushu (e.g., [33] ). The density of the Izumi Group was a density typical of the solidified sediment. In this study, we changed the density of the Quaternary sediment layer within the range of 2000-2400 kg/m 3 and estimated the optimum density of the Quaternary sediment layer by comparing the calculated Bouguer anomalies with the observed ones. The twodimensional Talwani's method [34] was employed for the calculations.
The results are summarized in Figure 10 , and they show that the optimum density of the Quaternary sedimentary layer is 2300 kg/m 3 . This supports the subsurface structures estimated by the seismic reflection survey, and it indicates that there is no conspicuous density contrast around the MTL. Specifically, the MTL is a low-dip fault as a material boundary, and its motion boundary is difficult to identify by gravity anomalies because it does not have a conspicuous density contrast. 
Analysis using the gravity gradient tensor
In recent years, the gravity gradient tensor, whose response to subsurface structures is more sensitive than that of the gravity anomaly, has been employed for obtaining detailed subsurface structure data. The gravity gradient tensor Γ is defined by the differential coefficients of the gravitational potential W (e.g., [35, 36] ) as follows:
The gravity gradient tensor is symmetric (e.g., [35] ), and the sum of its diagonal components is zero as the gravitational potential satisfies Laplace's equation:
Various analysis techniques using the gravity gradient tensor have been suggested and discussed (e.g., [37] [38] [39] [40] [41] ). Among these methodologies, Beiki and Pedersen [42] showed that the maximum eigenvector of the gravity gradient tensor points to the causative body (Figure 11a) . Kusumoto [43] considered that the basement consists of an aggregate of high-density prisms (Figure 11b ) and applied Beiki's technique [42, 44] to the estimation of the fault dip. This method provided results in which the fault dip estimated by the gravity gradient tensor was in harmony with the dip observed from seismic surveys [43, 45] .
Kusumoto [46] showed that in two-dimensional analysis the maximum eigenvector of the tensor points to a high-density causative body (Figure 11a ) and that the dip of the maximum eigenvector closely follows the dip of the normal fault (Figure 11b ). In addition, he showed that the minimum eigenvector of the tensor points to a low-density causative body (Figure 11c ) and that the dip of the minimum eigenvector closely follows the dip of the reverse fault (Figure 11d ).
In two-dimensional analysis, the gravity gradient tensor Γ 2D on the profile is defined as follows (e.g., [38] ):
Because the gravity potential satisfies the Laplace's equation
W/∂z∂x, because the gravity gradient tensor is a symmetric tensor (e.g., [35] ).
As gravity gradiometry surveys have not been conducted in this study area, we estimated the gravity gradient tensor from the gravity anomalies on the seismic reflection survey profile (Figure 10) , using the Fourier transform method (e.g., [46, 47] ), and calculated the dips of the maximum and minimum eigenvectors of the tensor. The dips, α, of the maximum and minimum eigenvectors of the tensor were calculated by Evolutionary Models of Convergent Margins -Origin of Their Diversity
where ν x and ν z are the x and z components of each eigenvector, respectively. Figure 12 shows each component of the gravity gradient tensor, and Figure 13 shows the distributions of the maximum eigenvector (red) and the minimum eigenvector (blue) of the gravity gradient tensor. From Figure 13 , it was found that the dips of the maximum eigenvectors follow the dip of the Sanbagawa metamorphic layer. On the other hand, the minimum eigenvector points vertically, and the dips of the eigenvectors do not follow the fault dip of the MTL. We considered that this occurs because the structural boundary could not be recognized due to the low-density sediment layers near the surface in the Izumi Group and in the Quaternary layer areas. As shown in the previous subsection and in Figure 10 , there is no conspicuous density contrast. Because the gravity gradient tensor is very sensitive to the subsurface structure near the surface, if a low density layer existed near the surface, the minimum eigenvector of the tensor would point to the low density layer, namely vertically.
Surface deformations due to strike-slip fault
The gravity anomaly and gravity gradient tensor cannot recognize or extract the fault location and shape if a conspicuous density contrast does not exist. Dip-slip faults in the thick sedimentary layers and very low-dip faults and lateral faults in the isotropic medium would be examples. 
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The MTL has both low-dip and lateral fault components. Thus, the gravity anomaly and gravity gradient tensor analyses could not extract the fault trace of the MTL nor estimate the fault dip. The remaining problem is how a low-dip reverse fault could move as a lateral fault: the contradiction between its fault dip and its fault motion.
Thus far, the fault dip and the fault shape have been discussed only as a material boundary because they have been estimated from geophysical explorations such as seismic surveys and gravity surveys. We think that this is the main reason for the contradiction. Using numerical simulations, we thus examined the fault dip of the MTL from the viewpoint of the fault motion, namely, by restoration of the tectonic topography caused by the fault motion.
In the numerical simulations, we employed dislocation modeling, which is often used for quantitative interpretation of crustal deformation caused by earthquakes and/or volcanic activities (e.g., [48] [49] [50] [51] [52] ). Surface or interior displacements or strains can be calculated by considering dislocations on a plane embedded in an elastic isotropic half-space (Figure 14) . The dislocation modeling employed here was Okada's dislocation solutions [53] and is defined within a range of the linear elasticity. Consequently, the modeled structures could not be compared directly with the actual geological structures. However, if we simply assume that the geological structures are the accumulation of the deformations caused by the fault motions, dislocation modeling can be a very useful tool because it provides the essential deformation pattern from the minimum number of parameters (fault parameters and elastic constants of the medium). In this study, we evaluated how the displacement fields at the terminus of the lateral fault would change if the fault dip was changed. A conspicuous vertical deformation field formed by lateral fault motion occurred at the terminus of the fault, and this did not occur at other areas (Figure 15 ). Geological structures formed by lateral faulting, such as the pull-apart basin, are the result of the accumulation of vertical deformation (subsidence) at the fault terminus area (e.g., [54] [55] [56] ). In the numerical simulations for restoring these structures, if the geological evidence suggested that the active zone of a lateral fault shifted along its strike direction over time, we expressed its tectonic history by superimposing analytical solutions for different fault lengths (e.g., [57] [58] [59] ). Hence, we paid attention to the vertical deformation pattern at the fault terminus.
In Figure 16 , we show predicted vertical deformations at the terminus due to lateral faulting with dips of 45, 60, 70, 75, 80, and 90°. The length and width of the assumed fault model were 30 and 15 km, respectively, and the top of the model was the surface. We set a right-lateral motion of 1 m on the dislocation plane in each model, and a Poisson's ratio of 0.25 was assumed. Figure 16 shows deformation fields within a distance of 5 km around the fault, and the deformation is the total of both the vertical and the horizontal deformations caused by the right-lateral fault motion. The light-purple thin line in this figure indicates vertical deformation of zero. 
From Figure 16 , it was found that the basement on the footwall side would not subside if the fault dip is lower than 70°. Specifically, if the fault dip is lower than 70°, the areas around the terminus of the lateral fault would become uplift areas and areas of subsidence would not form. This also indicates that tectonic basins, such as a pull-apart basin, caused by lateral fault motions could not form if the lateral fault has a dip lower than 70°. On the other hand, if the fault dip is higher than 70°, the basement of the footwall side of the lateral fault would begin to subside around the terminus. Additionally, in the case of a fault dip of 90°, uplift of the basement of the hanging wall side would be equal to the subsidence of the basement of the footwall side. This indicates that a fault dip higher than 70° would be required to form tectonic basins due to lateral fault motions. From Figure 16 , it was found that even if fault scale and lateral motion are the same, the surface deformation patterns would be different as an effect of fault dip. Specifically, surface deformations are basically dependent on fault dip.
Discussion
Gravity anomaly analyses, gravity gradient tensor analyses, and seismic surveys are important and useful for finding subsurface structures, and these subsurface structures play an important role for understanding the tectonics and formation processes of the area of concern. In the numerical simulations for restoring the subsurface structures, tectonic topography, and geological structures, we referred often to the subsurface structure given by geophysi- cal explorations or geological surveys and made basic or initial structure models for the simulations (e.g., [55, 56, 60] ).
We paid attention to the contradiction of the MTL being a right-lateral fault in the Quaternary, despite the fact that several seismic surveys have estimated its fault dip to have low angle.
For confirmation, we attempted to extract the MTL trace from the Bouguer anomaly by using several excellent edge emphasis techniques, but high dip-angle traces were not found. In addition, a state-of-the-art dip estimation technique using eigenvector analyses of the gravity gradient tensor could not suggest a high fault dip of the MTL. These facts showed that the MTL does not have a conspicuous density contrast at its motion boundary and that it has low dip as a material boundary.
Considering these results and the actual fault motion of the MTL, we paid attention to the deformation field at the fault terminus having an important role in the formation of tectonic basins caused by lateral fault motions, and we attempted to evaluate the fault dip from the viewpoint of fault motion. As a result, it was found that even if fault scale and lateral motion are the same, the surface deformation patterns at the fault terminus are controlled by fault dip. Specifically, if fault dip is lower than 70°, subsidence areas would not form at the fault terminus, but if fault dip is higher than 70°, both a subsidence area and an uplift area would form at the terminus.
As the present tectonic topography is an accumulation of uplift and subsidence caused by fault motions, we can apply the results shown here to the field as a first approximation without viscoelasticity and plastic flow of the crust at the geological time scale. Consequently, we can roughly estimate the fault dip from the deformed basement and/or sedimentary layer shape.
Conspicuous late Quaternary uplift and subsidence have not been found at the footwall of the MTL because (1) Pliocene layers distribute conspicuously around the eastern portion, the so-called Gojo area, of the footwall of the MTL [61] ; (2) there are no new Quaternary layers in boring data obtained around the Kokawa area [8] ; and (3) only two marine sediment clay layers of the last interglacial stage (Ma 12 : discrimination name in Japan) and alluvium (Ma 13 : discrimination name in Japan) in the marine sediment clay layers (Ma 1-13) found in Osaka Bay and Osaka basin have been found in the Wakayama Plain [62] . In addition, trench excavation studies show that the MTL is a vertical or subvertical fault, as was pointed out by Tsutsumi et al. [3] , Yamazaki et al. [63] , and others. Itoh et al. [12] also found high-dip faults in the Quaternary layer in the seismic profile given by Yoshikawa et al. [5] . Considering these geological and geomorphological evidences and the numerical simulation results of this study, we believe that a fault dip of 70-75° is a reasonable dip angle for the MTL. With a dip of 70-75°, the fault would be able to move as a lateral fault and also have the possibility of reverse-fault motion.
Because the technique of restoring geological structures or topography by numerical simulations is a useful method for evaluating the relationship between fault motions and such structures (e.g., [54] [55] [56] [57] [58] ), our approach, which is an extension of this technique, should contribute to research of active faults. Although this study employed the dislocation solution in linear elastic medium as the procedure of numerical simulation, a more detailed and higher accuracy discussion of fault motion and fault shape will be possible by employing a more realistic method such as finite element modeling, discrete element modeling, or other higher techniques (e.g., [64] [65] [66] ).
On the other hand, new questions that should be discussed and solved in the future were revealed: (1) Why does the motion boundary of the MTL not correspond to the material boundary? (2) How did this structure or contradiction occur? (3) Can the process be explained from the viewpoints of both structural geology and geophysics? (4) Is the process compatible with regional tectonics? (5) Do faults of this type exist in other areas? To discuss and solve these problems, the ideas, suggestions, and interpretations of the tectonics and structures shown by Sato et al. [15] may be useful and helpful, although it is difficult to accept directly lateral fault motion of a low-dip fault. Therefore, we need to continue to study the MTL in the future.
Conclusions
Because the MTL is a very important tectonic line for understanding the tectonics in and around southwest Japan, many geological, geophysical, and topographical surveys have been conducted on it. Several reflection surveys have indicated that the MTL has very low dips of less than 55°. As these low-dip faults would not generally move as a lateral fault, the MTL presents a contradiction between its fault dip and fault motion. In addition, because the MTL is proximal to several cities and because fault dip is an important factor for hazard map creation, it is important to estimate the fault dip of the MTL as a seismogenic fault correctly.
In this study, we first attempted to extract the MTL trace and estimate the fault dip from the Bouguer anomaly and gravity gradient tensor, as a confirmation of previous and conventional results. However, these methods could not reveal any high dip-angle faults, because the MTL does not have a conspicuous density contrast at its boundary and has low dip as a material boundary.
To estimate the fault dip of the MTL from the viewpoint of fault motion, we next attempted to evaluate deformation fields at the fault terminus by numerical simulations based on dislocation theory in an elastic medium. The result showed that the surface deformation patterns at the fault terminus are controlled by fault dip if fault scale and lateral motion are the same. If the fault dip was lower than 70°, subsidence areas did not form at the fault termination. However, if the fault dip was higher than 70°, both subsidence and uplift areas formed at the terminus. Considering the accumulated geological and geomorphological evidence for the motion of the MTL in the Quaternary, and our numerical simulation results, we suggest that a fault dip of 70-75°, at which the fault would be able to move as a lateral fault with a reversefault component, is a reasonable value for the fault dip of the MTL (as a seismogenic fault).
Our results and suggestions indicate that the motion boundary of the fault does not correspond with the material boundary. In the future, it will be important to research this formation mechanism, including whether or not this type of fault exists in other areas.
